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NEUTRON TOMOGRAPHY AS A VALUABLE TOOL FOR
THE NON-DESTRUCTIVE ANALYSIS OF HISTORICAL
BRONZE SCULPTURES*
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Spallation Neutron Source Division, Paul Scherrer Institut, Switzerland
E. DESCHLER-ERB
Institute for Prehistoric Studies, University of Zurich, Switzerland
and A. FORD
Department of Materials, Imperial College London, London SW7 2AZ, UK
This paper explains, with the example of a Roman object (the ‘Mars from Oberweningen’,
Switzerland), why neutrons can be used preferentially for the non-destructive analysis of
metallic objects of relatively large size. This method is superior to the conventional X-ray
tomography method due to the higher penetration ability in metals such as copper, tin and even
lead. With this method, differing materials can also easily be differentiated. In this way, the
inner and outer structures of objects can be observed with the help of tools based on
mathematical algorithms. Slices at arbitrary positions and segmentation of different material
clusters aid the understanding of manufacturing processes and can describe the present
preservation status. This helps in selecting optimal and additional conservation measures in
museums for further preservation. Beside the qualitative overview on structure and inner
properties of the objects, quantitative information can be derived about material content and
composition. This method and the subsequently needed facilities for this method are available
at PSI for similar studies on demand.arcm_480 272..285
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INTRODUCTION
Due to the availability of copper in technological processes (melting, alloying and casting), the
human race has used bronze and brass for the production of cultural heritage objects for centuries.
For example, the Skydisk from Nebra (16th century bc) (http://www.lda-lsa.de/himmelsscheibe_
von_nebra/), Roman sculptures (Deschler-Erb in preparation) and also important monuments and
smaller copies from the Renaissance period (Scholten and Verber 2005) are made of different
copper alloys.
Depending on the age, the storage conditions and the treatment of cultural heritage samples,
a lot of destruction, modification or repair work may have taken place up to the present day.
Studying the manufacturing processes at the time of creation is important in tracking the status
of samples through time and aiding in future preservation. Furthermore, the initial purpose of an
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object can often only be found by deeper analysis. Finally, a strategy for the best possible
preservation procedure can be formulated with the help of a dedicated sample analysis.
For ethical and historical reasons, most such studies have to be performed in a completely
non-destructive way, maintaining the object’s full value for future generations. Traditionally,
X-ray transmission measurements (with film in the past, and with digital systems nowadays) have
been performed. However, X-rays will fail—as will be explained numerically for the transmis-
sion probability below—for certain sample thicknesses and higher mass number materials: for
example, even very high energy photons cannot penetrate more than a few millimetres of lead.
Fortunately, another transmission technique is available that can solve such problems in most
cases: neutron imaging. This approach is similar to X-ray imaging, but it utilizes the different
attenuation properties of neutrons. In most cases, thermal neutrons are in use, and sometimes also
cold ones; fast neutrons are rarely used. Some studies have already been published (Deschler-Erb
et al. 2004), but mostly about neutron radiography investigations. This paper focuses more on
tomography with neutrons, where the three-dimensional structure of the investigated object is
delivered.
NEUTRON IMAGING IN COMPARISON TO X-RAY STUDIES
X-ray facilities are available in hospitals and material research laboratories as common tools,
based on several types of X-ray tubes. The mean photon energy (in keV) emitted from the source
corresponds to half of the high voltage applied (in kV). Therefore, a tube operated at 320 kV has
a mean photon energy of around 150 keV, corresponding to the reference data in Table 1. It is
well known that X-rays interact with the electrons in the atomic shell, whereas neutrons only
‘see’ the nuclei, ignoring the electrons completely. Therefore, the interaction probability with
X-rays is much greater with increasing mass and electron numbers. This does not hold in the
same way for neutron interactions. Here, it is quite the reverse: heavy elements can transmit
better, but light elements deliver a high contrast.
The transmission through an object with thickness D can be described by a simplified
exponential relation between the beam intensities in front and behind the object, I0 and I,
respectively.
I I e D= −0 Σ (1)
The so-called attenuation coefficient S is a material property and gives a value for the strength of
interaction for the particular radiation. In Table 1, some relevant materials are listed together with
Table 1 A comparison of attenuation coefficients for X-rays and thermal
neutrons for some elementary metals (unit: cm-1)
Material X-ray (150 keV) Thermal neutrons
Cu 1.97 1.07
Fe 1.57 1.19
Sn 3.98 0.21
Pb 22.81 0.38
Ag 5.67 4.04
Au 35.94 6.23
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the attenuation coefficients for X-rays (150 keV) and thermal neutrons (25 meV). It is obvious
that all of the values for the thermal neutrons are smaller than for X-rays, resulting in higher
transmission in the neutron case. With X-rays of higher energies, which are available in some
laboratories for materials research, slightly higher transmission can be achieved. The use of even
radioactive gamma sources (e.g., Co-60) might be possible in some cases. However, the question
of what thickness of the material is penetrable now depends on the detection system, in respect
of its sensitivity, dynamic range and signal-to-noise properties. A remaining transmitted signal of
2% behind the object is assumed in the data provided in Table 2.
Many bronze objects consist of a relatively high amount of Sn and/or Pb, for reasons con-
cerning the lowered melting point of such alloys and cheap material values at the time of
manufacturing. Based on the data in Table 1, it becomes clear that there is a much reduced ability
to transmit, using X-rays, through objects with high amounts of lead and tin. Neutrons, on the
other hand, provide improved transmission when lead or tin are involved and therefore larger
samples can be observed. This difference in transmission cannot be overcome by any kind of
X-ray techniques (such as high-voltage tubes, synchrotron light or gamma radiation).
As an example, the transmission radiographs of the ‘Mars from Oberweningen’ are compared
in Figure 1. It can clearly be seen that it is impossible for X-rays of 150 keV to penetrate the
sample, but a good transmission is possible for thermal neutrons. This is the reason why a
tomographic investigation of the ‘Mars’ was performed using neutrons, while an X-ray study was
avoided from the beginning. The ‘Mars’ is an object that is sealed on all sides, including the
bottom, and it was assumed to have an inner structure made of a heavy material, due to its total
weight of 308.8 g. It was of great interest to learn about the material distribution and the whole
inner structure. This information could not be obtained from the outside in a non-destructive way.
Tomography versus radiography
The transmission image of the object in Figure 1 (right) already shows an indication of the
inhomogeneous material distribution inside. However, it is hard to distinguish whether there is
more material at the front or the back, as all of the layers along the line of transmission are
superimposed and mixed up. Therefore, no real quantification about the amount of material can
be done in this radiography mode.
In tomography, the sample is rotated around its vertical (or horizontal) axis over at least 180°
in equal steps (Fig. 2). When a mathematical reconstruction algorithm is applied, these projec-
tions can deliver complete information about the whole volume. For this purpose, the digital
signal from the imaging detector is considered as the line integral along the propagation path:
Table 2 Material layer thicknesses which can be transmitted by X-rays
and neutrons, respectively, with a residual signal of 2% (in cm)
Material X-ray (150 keV) Thermal neutrons
Cu 2.34 4.30
Fe 2.93 3.87
Sn 1.16 21.93
Pb 0.20 12.12
Ag 0.81 1.14
Au 0.13 0.74
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(a)
(b)
Figure 1 A comparison of the transmission radiography views through the ‘Mars from Oberweningen’, with X-rays
from a tube with 320 kV voltage and 2 mm Cu filtering: this corresponds to a mean photon energy of about 150 keV (left)
and thermal neutrons (right). Both images were obtained at the NEUTRA facility, SINQ, PSI (Lehmann et al. 2001). The
object is about 8 cm high.
Figure 2 A diagram of the tomography set-up at PSI, based on a cooled charge-coupled device (CCD) detector that is
viewed on a neutron-sensitive scintillation screen; the object is rotated around its vertical axis.
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I x y I x y e x y ds, , ,( ) = ( ) ∫ ( )0 Σ (2)
With the help of a transformation into Fourier space, a completion of the information by filtering
and back-transformation into real space, the three-dimensional distribution of the attenuation
coefficients S(x,y,z) can be obtained numerically for each volume element (voxel). More infor-
mation about the reconstruction algorithm can be obtained from Banhart (2008).
The question of how many voxels have to be considered depends on the detector performance.
If the single projection has, for example, 1024 ¥ 1024 pixels, the number of voxels is 1024 ¥ 1024
¥ 1024.
Advanced visualization tools and powerful computers are needed to treat the image data
further. Several options for post-processing are available: virtual slicing at arbitrary positions
through the volume; enhancement of surfaces with the same attenuation level; segmentation of
volume areas with the same voxel value; modification of the transparency to see inner structures
better; measurement of distances within the object; determination of local densities; virtual
‘destruction’ by removal of segmented regions; and virtual movement around the object to
provide a complete overview, including variation of the illumination and reflection properties.
Some of the tools mentioned were used to analyse the ‘Mars from Oberwenigen’ using the VG
Studio software tool (http://www.volumegraphics.com/).
Neutron tomography facilities at PSI
The national Swiss neutron source for research purposes—SINQ at PSI—is based on the prin-
ciple of spallation, in which high-energy protons (energy about 590 MeV, current 1.3 mA) strike
a lead target. The spallation reaction delivers about 10 fast neutrons per spallation act, which are
slowed down to the thermal energy (around 25 meV) in a D2O moderator or to cold energy
(around 3 meV) in a liquid D2 moderator. For neutron imaging purposes, two individual facilities
are available, which complement each other: NEUTRA (Lehmann et al. 2001) provides a well-
collimated and homogeneous beam of thermal neutrons, and ICON (Kühne et al. 2005) has been
built for imaging with cold neutrons. In addition, and as a supplement, NEUTRA is equipped
with a 320 kV X-ray tube (the X-TRA option).
For neutron tomography applications, a stationary digital neutron imaging detection system
has to be used. Although some options such as amorphous silicon arrays (Lehmann et al. 2004)
or semi-conductor devices used by means of direct exposure in the beam are possible for
tomography purposes, the concept of a cooled, highly sensitive charge-coupled device (CCD)
camera looking, via a light-reflecting mirror, at a neutron-sensitive scintillation screen was found
to be the best means at the present time. This set-up is explained in Figure 2. Also shown is a
rotation table, needed for turning the object around its axis, which has to be aligned perpendicular
to the detector axis. Projections are taken in regular steps from 0° to 180° (or even 360°,
depending on the divergence of the beam and the object size) with the camera detector.
The most advanced facility at PSI—ICON for cold neutron imaging—provides three indepen-
dent tomography options, where the field of view (FOV) and the spatial resolution can be chosen,
depending on the sample size. Although the measurement principle is the same (see Fig. 2), the
components and the implementations are different. As summarized in Table 3, the MICRO, MIDI
and MAXI set-ups can cover a FOV range between 2.7 and 40 cm. The beam size has to be
adapted accordingly by beam limiters and apertures. The set-up for micro-tomography (Lehmann
et al. 2007) is unique in its application for the highest spatial resolution. At the NEUTRA facility,
only the MIDI and MAXI options are available at the present time.
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By using an X-ray sensitive scintillator instead of a neutron-sensitive one, X-ray tomography
can be performed at NEUTRA under identical conditions (a high voltage, between 50 kV and
320 kV). Voxel-wise referencing becomes possible in this way, which can be used for the
enhancement of details. Depending on the measurement position, the detector system, the
number of projections and the current beam intensity, a full tomography run takes between about
1 and 10 h. The optimization has to be done in respect to the final image quality needed.
Because neutrons are also able to activate materials by capture, there is the potential risk for
radioactive excitation, with the emission of gamma or beta radiation. From experience over the
years, it can be stated that no long-lasting activation has to be considered if the objects do not
contain any Co or Ag. Whenever possible, these two materials should be avoided for inspection
with neutron tomography. Table 4 shows the capture cross-sections and the half-lives of the
excited isotopes for relevant structural metals. As a general rule, bronze objects will decay below
the detection level within a few days of exposure.
The museum and archaeometry community is not yet very much aware of neutron imaging
(transmission radiography and tomography). It is far from an ‘in-house’ method for a museum,
but it can complement the common methods in cases when other methods fail or are limited. On
request, the PSI’s large-scale facilities (like other similar stations) are available for dedicated
studies in collaboration with museum experts.
Table 3 Specification of the performance of the three tomography
systems available at ICON, SINQ, PSI
Data (mm)
MICRO MIDI MAXI
FOV lower limit 27 40 100
FOV upper limit 27 150 400
Minimum pixel size 0.0135 0.039 0.098
Maximum pixel size 0.0135 0.146 0.391
Table 4 Activation data: excited nuclei, capture cross-sections and
half-lives of excited isotopes with relevance for metallic objects, taken
from the Karlsruher Nuklidkarte
Material Nuclide
excited
Capture cross-section
(barn)
Half-life
Cu Cu-64 4.5 12.7 h
Cu Cu-66 2.17 5.1 min
Fe Fe-59 1.3 44 d
Mn Mn-56 13.3 2.58 h
Sn Sn-121 0.13 27 h
Pb Pb-209 0.00023 3.2 h
Ag Ag-108 35 2.41 min
Ag Ag-110 4.1 250 d
Au Au-198 98.7 2.69 d
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THE EXAMPLE OF THE ‘MARS FROM OBERWENINGEN’
Description of the object
This bust of the Roman god ‘Mars’, dated to the second and third centuries ad, was found in the
area of a Roman estate in the Swiss village of Oberweningen, in a gravel pit. The piece can be
considered to be among the best-quality Roman bronzes known from the northern and eastern
parts of Switzerland.
The object is a juvenescent head with a helmet (height 7.9 cm, weight 308.8 g), sitting with the
base of its neck on a positioning plate that contains holes (see Fig. 3). Originally, the holes were
for fixation of the bust by means of nails. The head is placed on a neck with strong muscles, but
the shoulder is only partly visible. The head is covered with a well-designed helmet that sports
a crest. Curly hair comes out from under the helmet and is rolled in down the back of the neck.
The ears are only partially visible. Next to the right ear, a hole exists: in the same region of the
Figure 3 The bronze object under investigation with neutron tomography: the ‘Mars from Oberweningen’, weight
308.8 g, height 7.9 cm (photograph by Kantonsarchäologie Zurich, Martin Bachmann).
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left ear, this hole is only partial. No earrings could be fixed to either ear. The face of the person
is accurate and regularly built, with a small tilt to the left side. The view of the face is directed
a little upwards. The eye pupils are drilled separately and might originally have been filled with
a material other than bronze.
The initial reports characterized the bronze head as a Minerva illustration (see below). This
becomes understandable because in most cases sculptures of the goddess Minerva bear a helmet
of this style (LIMC II 1984b). However, the hairstyle, with rolled locks, and the masculine-edged
face speak against this interpretation, as do the strong muscles in the neck region. Therefore, and
based on typological comparisons, the authors interpret the object to be devoted to Mars. This god
can be pictured in Roman toreutics as a young man with a helmet. Statuettes and busts in the same
style have been found in northern France and also in further Roman regions in central Europe
(Menzel 1970; Boucher 1976; Kaufmann-Heinimann 1977; LIMC II 1984a). Among the best
such exemplars—similar to our sample—a tilt towards the left side can be found and the locks of
hair have similar comparable shapes (Neugebauer 1942).
It is obvious that an object of this quality could never have originated from the region around
Oberweningen. Most probably, it came from a Gallic (France) workshop, which also produced
the other samples mentioned above. The production period can be fixed to the second to third
centuries ad (the middle Imperial period). The secondary modification with a partial lead filling,
the addition of a base plate and the multiple nailing can be localized and dated only partially.
From the quality of the work performed, the base plate had to be added by an experienced bronze
manufacturer.
Results of the tomography investigation
Figure 4 shows two vertical slices through the object. It becomes obvious that three different
materials are involved in the structure: the outer part of the head, the base plate and some other
material used as a filling inside the head. While the head structure and the base plate differ only
a little in their attenuation behaviour—meaning that they have about the same grey level in the
slices—the filling is very different and the attenuation is less in this material.
In a next segmentation step, the outer and inner parts were separated, with the results shown
in Figures 5 and 6. The filler material does not fill the whole space and some void regions remain.
Droplets can be seen spread throughout this region. The outer surface of the filling is very porous
and foam-like, whereas the inner surface of the outer bronze material is relatively smooth.
Therefore, it might be assumed that the manufacturing process was separated in such a way that
the outer structure was built first, and that the filling was applied later.
In Figure 4 (b), a region is marked that was probably used for filling the inner space by passing
material through the outer structure. Later, it was completed using the same bronze as the other
outer parts. This region is also visible in the vertical slices (Fig. 5).
Quantification of the materials involved
In the ideal case, ignoring all artefacts and uncertainties caused by beam interference, recon-
struction and interpolation of the raw image data, the reconstructed volume would consist of the
attenuation coefficient in each voxel, S(x,y,z). In the case of a material mixture, the total value of
S is the following superposition:
Σ tot i i
i
i
i
ii
N L
M
= =∑ ∑σ σ ρ (3)
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While the microscopic total cross-sections are tabulated values (e.g., AIZ 2001–2002 2004;
JbSGUF 85 2002; Horisberger 2002–3), the material density r and the mass number M are often
known in advance (and L is Avogadro’s number). On the other hand, it might be of interest to
determine these densities, when equation (3) is rearranged accordingly.
In the case of the ‘Mars from Oberweningen’, there is the assumption that the outer structure
is bronze, with lead as the inner material. The derived attenuation coefficients can then be
compared with the numbers in the right-hand column of Table 1. This assumes that the bronze
part consists of Cu and Sn, and that the resulting S value is dominated by Cu, as Sn can be almost
neglected, due to there being five times more Cu than Sn.
As shown in Figure 7, in the histogram of the whole object, two peaks can clearly be separated
and attributed to Cu (bronze) and Pb, respectively. The absolute numerical values for the
determined attenuation coefficients are, however, too small for both materials. One reason might
be the scattering of the neutrons in this bulk sample, which results in smaller values. More effort
has to be spent in the future to improve the quantitative accuracy of neutron tomography,
probably by the implementation of a scattering correction algorithm (e.g., QNI; Hassanein
2006).
Quantification can also be carried out with respect to the volume of the different zones of the
object. The segmentation tool of the visualization software is able to ‘count’ the number of voxels
in a defined range of S, according to the limits of the histogram (see Fig. 7). Because the voxel
size is well defined by the imaging detector before the tomography run, the volume of the
(a) (b)
Figure 4 Slices through the objects at two vertical positions, showing three different materials in the composition: the
bronze head, and the baseline and filler material. An inlet opening was later closed with roughly the same material.
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segmented part can be calculated as the number of voxels times the voxel volume. Uncertainty
results in the histogram segmentation when the different materials overlap too much. In the case
of bronze and lead for the current object (Fig. 8), there was a real problem in defining the limits.
The segmented parts in Figure 9 have volume of 3.20 cm3 (lead) and 27.15 cm3 (bronze),
respectively.
Cultural–historical interpretation of the tomography results for
the ‘Mars from Oberweningen’
Based on the tomography data and the material analysis, it becomes possible to distinguish
between two states (primary and secondary).
• Primary state. Initially, bronze casting took place, using a melting procedure via a clay core in
a lost wax casting process. This clay core is clearly visible in Figure 9 (a), where the virtual
(software-driven) inner hollow volume is shown. In this way, a bust was made covering the head
via the neck to the shoulders and arms; in all probability, a full body was made as a statuette. After
the successful casting procedure, the whole core was withdrawn. For this purpose, a hole in the
helmet region was probably used, which was closed later with a patch. The patch may also have
been used to hold the core initially. However, it should be visible as a continuation inside the
head, which is not the case.
(a)
(b)
Figure 5 Sagittal and horizontal slices at the position of the opening (see Fig. 4 (b)).
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• Secondary state. In a second phase, the head was separated from its base, filled partly with lead
and placed on a stabilizing plate. These modifications are unusual and very complex from the
casting technique point of view. As shown in the cross-sections (Figs 4–6), the lead material does
not fill the whole available space on the inside, but leaves some free space. These voids have not
been filled with clay material from the core, but completely emptied (see above). This can only
(a) (b)
Figure 6 Segmentation of the bronze material from the inner filling and slicing in two directions.
Figure 7 The histogram of the tomography data describes the number of voxels with a particular grey level. A clear
separation can be made between the two components (lead and bronze).
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(a) (b)
Figure 8 Characterization of the outer surface of the object by two different ‘illumination’ options provided by the
software tool. Corrosion and damage of the head becomes visible between the eyes.
(a) (b)
Figure 9 Complete segmentation of the filling from the bonze structure, enabling a view on to the particular surfaces.
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happen if the filling process is heavily delayed in such a way that the lead solidifies before it can
fill the whole volume. The completion with the fixing of the base plate was technically difficult
because it involves the full neck area. The justification of it having been added separately comes
from the tomography results on the one hand, which show a separation of the head from the plate.
On the other hand, a mark is visible in the plate between the head and the plate, and this originates
from the assembly process.
With the base plate and the lead filling the head, the object is quite stable as it is base heavy.
Therefore, fixation with nails seems to be unnecessary. Nevertheless, at least six nails were forced
through the plate, in no particular ordering or alignment, to completely fix it in place.
Utilization
The Mars head was probably utilized for different purposes before and after its modification. At
first, it might have been used as sacred object in the house sanctum of the owner (Kaufmann-
Heinimann 1998), as part of a bust or statuette. After the modification with the lead filling, the
base plate and nails, it may have been fixed on a mobile platform, probably for use as a decoration
on a Roman touring cart. The possibility of its use as a standardized weight, or as a counterbal-
ance at a steelyard, does not fit. There is no equivalent weight unit around to match the 308.8 g
weight of the object. Had it been used in a steelyard, some traces of use would be found in the
helmet region, but those traces are absent. No parallel examples are known for the probable use
of steelyard weights in a Mars bust format.
Further aspects of neutron tomography in respect to cultural heritage studies
As can be derived from the data in Table 2, and as has been shown in other projects (Deschler-Erb
et al. 2004; Deschler-Erb in preparation; Scholten and Verber 2005), neutron tomography is a
very useful and flexible tool for non-destructive testing of metallic objects from our cultural
heritage. In cases where heavy elements such as Pb, Sn or Cu are involved, it might be the only
non-destructive option for larger object thicknesses. The advantage of tomography compared to
conventional radiography studies is the availability of volume data that can be compared to the
real object from the outside. Inner structures can be analysed accordingly with high precision.
Furthermore, the derived attenuation coefficients can be used to identify the materials involved or
to determine the content of the major constituents. However, more effort has to be devoted to
improving the accuracy of the data.
The method of tomography was illustrated only for the example of one important Roman
sample, but the knowledge obtained can easily be extrapolated to further similar (larger or
smaller) objects from our cultural heritage. This holds in particular for cases in which X-ray
methods fail due to poor transmission.
CONCLUSIONS
The availability of neutrons for radiography and tomography for the study of museum objects is
still a relatively unknown option. For many cases, where the conventional X-ray approach is
limited or fails, neutrons should be tried as a supplement or as the only way to ensure success.
This holds in particular when heavy elements are involved and/or corrosion, resin, adhesives or
lacquers are involved. Either the high contrast or the much better visibility can be exploited in this
way. The facilities at PSI are equipped for such further investigations and can be used on demand.
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